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FOREWORD
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Technical direction was provided by the NASA Project Manager,
Mr, Lawrence P, Ludwig of the Fluid Systems Components Division ,
Mr, Leonard W, Schopen, NASA Tewis Research Center, was the Con~
tracting Officer,

The Avco Lycoming Program Manager was Mr, Michael O'Brien .
The test program was conducted by Mr, Harry Thornton,
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SUMMARY

A rig test simulating advanced gas turbine engine operation was
performed on a spiral-groove, selfeacting face seal which incorporated
the spiral-groove geometry in the rotating seal seat, Seal air leak-
age and seal component wear rates were determined, The rig test
included two parts. The first phase was a determination of the
sensitivity of seal face wear to repeated start-stop operation,
During this phase, a seal was subjected to 176 start-stop cycles,
after which seal face wear was documented, The second phase of
the test consisted of 75 hours of endurance operation. Operating
conditions during the enduranc:e test reached surface speeds of 244
m/s (800 ft/sec), air pressures of 148 N/cm? (215 psia) and air
temperatures of 622 K (660°F),

Carbon primary ring wear was characterized with two parameters,
First, the overall wear was established; then any additional local
surface variations were determined. Generally, both the sealing dam
and the larger flat land area which interfaces with the spiral grooves
assumed a tapered wear characteristic after operation (coverging

as d.stance from the seal centerline increased). Maximum wear

of the carbon primary ring observed after the start-stop cycles was
.0010 cm (. 0004 in,). Maximum taper was . 00068 cm {, 00027 in.),
occurrirg on the land area. No spiral-groove seat wear was measur-
able. The endurance test featured the same seal hardware, and

after 22.5 hours of operation, total wear of the carbon primary ring
was found to be a maximum of . 00177 cm (. 0007 in, ) with maximum
taper of ,00315 em(. 00125 in, ) occurring on the dam; no spiral
groove wear was measurable on the seal seat, Maximum test
conditions during this phase of the endurance test encompassed sur-
face speeds of 168 m/s (550 ft/sec), sealed air pressures of 31 N/
e¢m? (45 psia), and air temperatures of 600K (620°F). A new primary
sealing element was used for the balance of the endurance test

(52.5 hr) because of damage to the original sealing element, which
was chipped during reassembly, At the completion of the endurance
test, overall carbon primary ring wear was .0004 cm (. 0015 in,)
with a maximum taper occurring on the seal land of .0046 cm (. 0018
in, ); wear of the self-acting geometry on the seal seat was not
determinable due to disturbance of the chrome-carbide surface caused
by an apparent momentary rub during operation,

Seal air leakage was at time unstable during testing. This was
attributed to binding because of a marginally low clearance between the
carbon sealing element and the seal housing. A representative air

leakage at 148 N/cm2 (215 psia) is . 002 kg/sec (, 005 1b/sec),



INTRODUCTION

Advanced gas turbine engines impose increasingly severe demands
on main bearing compartment shaft seals, Higher shaft speeds
accompanied by elevated air pressures and temperatures make
difficult the task of maintaining seal heat generation, air leakage,
and operating life within acceptable limits,

The purpose of this program was to evaluate the wear and leakage
characteristics of a spiral-groove, self-acting face seal configured

to be accommodative in the gas producer turbine bearing compart- ‘
ment of an advanced gas turbine engine. The seal design differs

from those previously tested (Reference 1) by locating the spiral-

groove geometry on the rotating seal seat, This is an alternative to

the more traditional location on the mating face of the carbon sealing

element., BSpiral grouves located in the chrome-carbide surface of the

seal seat have the potential for increased wear resistance when com-

pared to spiral grooves located in the carbon sealing element,

Self-acting or film-riding seals offer an alternative to conventional
contacting carbon seals and to labyrinth type clearance seals, Con-
ventional contacting carbon seals may not be adequate at the opera-
ting conditions of future high-performance gas turbine engines,
Labyrinth seals operating at these future conditions will likely be
multistage devices, incorporating pressurization and venting pass-
ages. These are not only expensive but also require relatively large
amounts of space compared with carbon seals and are difficult to
accommodate in small, high-performance engines., Labyrinth seals
also allow higher air leakage overboard and into the bearing com-
partments than carbon seals, placing greater demands on the
lubrication system and impacting engine performance,

Self-acting or film-riding seals allow operation in a noncontacting
mode except during engine startup and shutdown, at which time they
become contacting, During operation in the noncontacting mode, the
dynamic sealing surfaces are separated by a small gap which effect-
ively limits air leakage, The fact that the sealing surface are non-
contacting minimizes heat generation and seal wear,

The experimental evaluation and endurance test was carried out in
a test rig that simulated engine conditions of an advanced gas pro-
ducer turbine bearing location,

1, O'Brien, M,, DEVELOPMENT OF SPIRAL - GROOVE SELF-
ACTING FACE SEALS, Avco Lycoming Report LYC 77-41,
NASA CR 135303, June 1977,
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APPARATUS AND PROCEDURE

Test Vehicle

The test rig used during the test program is illustrated in Figure 1.
The test bearing and seal compartment which is shown in detail in Figure
2, illustrates the arrangement of the bearing and test seal.

The test rig prime mover is a 74,57 kw (100 hp), 30,000 rpm steam
turbine. A 1:3 ratio speed increasing gearbox connects the steam
turbine to the test rig, The test installation is shown in Figure 3. The
test rig shaft is supported by a 35x62x14 mm split inner race ball bear-
ing adjacent to the test seal (test bearing compartment) and by a 35x
55x10 mm split inner race ball bearing at the opposite end of the shaft
(support bearing compartment), Both bearings are hydraulically mount-
ed with thrust loading accomplished by coil springs acting on the outer
race of the support bearing. A single batch of MIL-L-23699 oil was
used throughout the test program, Oil flow to the test bearing com-
partment was varied as a function of shaft speed as illustrated in Figure
4. Oil jet location and orientation are shown in Figure 2. Oil feed
temperature into the test bearing compartment was maintained at 355
6K (180°+ 10°9F) during the endurance test, During the start-stop cycles,
the oil feed temperature was maintained at 339 +6K (150°+10°F).

A reciprocating compressor in conjunction with electric air heaters
supplied pressurized air to the seal cavity at the desired temperature and
and pressure,

The volume flow rate of the air leaking past the seal was measured with
rotameters to provide an indication of seal performance, The air-oil
mixture from the bearing compartment passed through the test rig
scavenge system (minimum area 93 mm? (1.44 in, 2) and into a static
air -oil separator prior to the airflow measurement, Averaged values
of air leakage are presented,

Seal Wear Mesasurement Technique

Seal wear measurement was accomplished by montoring carbon sealing
element length at three indexed locations in the vicinity of the anti-
rotation lug slots. Variation in the dam and land surface profile was
also documented at these three locations.

Wear of the seal seat and any accompanying reduction of spiral groove
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depth was documented through Indiron traces at two diametral locations;
one corresponding to an outboard spiral groove location, and another inboard
near the beginning of the spiral grooves, Figure 5 jllustrates the locations
of these wear measurements,

Recorded Parameters

Instrumentation incorporated in the test rig is listed in Table 1. The
location of the pertinent instrumentation is shown in Figurc 1. All
measurements were made with instruments calibrated in English units
that were then converted to SI units.

SPIRAL-GROGCVE SELF-ACTING SEAL DESIGN

The test seal, illustrated in Figure 6, includes the following compcaents:

. The seal utilizes a primary sealing element fabricated from carbon
graphite material, The face of the element contains the sealing dam
and a land surface which will uppose the spiral-groove lift geometry
location in the seal seat. Pressure feed holes communicate sealed
pressure to the annulus separating the sealing dam from the land
surface. Anti-rotation provisions are made by three slots in the
sealing element which engage pins in the seal housing.

° The secondary seal is a straight-cut, pressure-balanced piston ring
which is carried in a groove in the primary sealing element and seals
against a bore located in the seal housing.

° Coil springs within the seal housing serve to load the primary sealing
element against the seal seat.

° The seal seat is manufactured from AMS6322 material and incorpo -
rates a flame sprayed chrome-carbide sealing surface. The spiral-
groove geometry (. 0005-,0010 in, deep) is also located on this sur-
face of the seal seat. The spiral groove is outward pumping and ex-
tends from below the carbon ring inside diameter to within (.102 cm
.{+ 040 in,) of the annular inside diameter,

The design of the primary sealing element is such that an increz}se in
closing force is produced as sealed pressure is increaseQ. During
operation, this closing force plus the axial springs loa}d is balfancecl by
the force produced by the pressure generating capability of spiral grooves.
The spiral-groove pressure generation, for a given groove geometry,
is a function of sliding velocity, the sealed fluid viscosity, and the
separation between the sealing element and the seal seat,



SEALING DAM

E PATH
(3 LOCATIONS EQUALLY
SPACED (DENTIFIED BY
SCRIBE LINE ON I.D.)
r n

A ; s
] ’ ‘
> \
PRMARY CARBCN RING

SEALING DAM AND LAND
WEAF TABULA"I'ED ON TABLE 2

SEAL SEAT

GROOVE DEPTH
MEASUREMENTS TAKEN

g CIRCUMFERENTIALLY
Rl = 2,531em{1.016 in) AT Ry AND 92 AND

TABULATED ON TABLE A-1

Rp=2.455em’ .3674n,

Figure 5. Location of Wear Measurements.



TABLE 1.

INSTRUMENTATION PLAN

Parameter To
Be Measured

Shaft 3peed

Air Pressure

Air Temperature

Seal Air Leakage

0il Temperature

0il Flow

0il Pressure

Bearing Cavity
Pressure

Scavenge Pressure

Vibration

Chips

Sensing Device

—_ e . [

Magnetic pickup

Gage
Gage
Gage

Thermocouple
Thermocouple
Thermocouple

Glass tube
rotameter

Thermocouple
Thermocouple

Glass tube
rotameter

Gage

Gage

Gage

Velocity pickup

Chip detector

Correspond-
ing Number

Location in Figure 1
“team turbine Shaft 8
Fwd wheel cavity 9
Seal cavity 12
Aft cavity 3
Fwd wheel cavity 10
Seal cavity 11
Aft cavity i
Scavenge air-oil 7

mixture is passed through
a static separator and the
dry airflow is passed
through the flowmeter

0il feed line 2
Scavenge line 7
0il feed line 2

n

0i1 feed line

Within bearing cavity 6

Scavenge line T
1
Scavenge line 7

10
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When the seal is operating at a particular sliding velocity, sealed pres-
sure, and temperature, the separation batween the sealing element and
the seal adjusts until the closing force is balanced, This establishe< the
leakage clearance. Ideally, this clearance should be as small as possib's
possible to minimize air leakage, but practical consideration such as
assembled seat and primary sealing element flatness, along with presa-
sure, temperature and speed-induced distortions of these items limit
achievable minimum operating clearance, In practice, this operating
clearance is on the order of ,005 em (. 0002 in,)

TEST PROGRAM

The test program comprised two main parts. First, in crder to assess
the effect of start-stop operation on seal wear, the seal was subjected to
176 start-stop cycles where shaft speed was repeatedly varied from 0

to 29,000 rpm with the sealed air pressure maintained at 20.7 N/cm?
abs (30 psia)., The seal was inspected at the completion of the ctart-
stop testing to determine sealing element and seat wear. The second
phase of the test program subjected the seal to an endurance test. The
first 22. 5 hours simulated operating conditions of an actual engine seal
position, An inspection was performed at the completion of this testing,
The remainder of the endurance test was 52.5 hours in duration at in-
creasingly severe operating conditions, Seal sliding velocity was varied
from 167.6 to 243.8 m/s (550 tq 800 ft/sec), and sealed pressures
varied from 20,7 to 148.2 N/cm (30 to 215 psia). Air leakage rates
were measured at the various test conditions. During the endurance
test, the se' . was inspected three times: first, at the 22.5 hour point;
next, at an unscheduled stop (33 hours) due to a bearing failure; and
lastly at the completion of the test, Photographs were taken before
testing, during inspections, and at the completion of the test., Details
ot the test program follow,

Build I - Start - Stop Operation

Test Description

Testing consisted of 176 starts and stops, accelerating from 0 to

29, 0V0 rpm or 91,6 m/s (300.5 ft/sec). External air pressure was set .
at 20.7 N/cm? abs (30 psia) throughout the test, Air temperature out-

side the seal was maintained in the 335.9 to 341, 5K (145° to 1550F)

range. Seal air leakage was not measured. Primary sealing element

wear and seal seat wear were documented at the completion of the test,

Pretes’ photographs documenting the appearance of the test seal are

12



presented in Figures 7 and 8, Figure 7 illustrates the assembled seal,
flanked by two spiral-groove seal seats, The seat on the right (AMS
6322 material) was used throughout the test program. The seat on the
left was a backup design fabricated from TZM material (chosen for its
thermal properties), but since the AMS6322 seat performed
adeguately, it was not tested. Figure 8 illustrates the disassembled
seal components, showing from left to right: the seal housing with
spring s installed; the piston ring secondary seal and anti-rotation lugs;
and the primary sealing element,

The posttest appearance of the seal components is shown in Figure 9
(overall appearance), Figure 10 (close-up of primary sealing element),
and Figure' 11 (close-up of the’'seal seat).

Test Results

Component Wear - No seal seat wear was measurable; however, wear of
the dam and land area of the primary sealing element did occur. Wear
results are compiled in Table 2. Surface profile traces of the monitored
areas are presented in the appendix.

Character of Observed Wear (Sealing Element) -

Sealing Dam Wear - Wear was maximum at the dam inside diameter,
and produced a converging leakage passage,

Land Wear (Opposing Spiral Grooves) - Wear was maximum in the
central region of the land, minimum at the inside diameter, and at
an intermediate level at the land outside diameter,

Discussion of Results

The amount of carbon primary ring wear observed, ,00102 cm (. 00040 in, ),
is significant with respect to altering the surface profile, The significance
would have been greater had the self-acting geometry been located in the
primary sealing element, as it was in designs evaluated during previous
test programs (Reference 1), The variations in surface profile observed
would be expected to negatively influence the pressure-generating

capacity of the spiral-groove geometry, Dam wear is typical of that
observed during previous programs (Reference 1) and has been explained
as the result of the abrasive action of contaminants in the sealed

medium (air) , which are hypothesized to accnmulate at the sealing dam
inside diameter. The land wear can be explained in a similar manner
since the dead end region of the spiral grooves would be expected to

13
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LeCATION

LOXCATION 1

LOCATION 2

LCATIZN 2

rTev/
Z.CATON

LICATION 1

LOCATION 2

LOCATION 3

TABLE 2, TABULATED SEAL WEAR
JTRDAARY SEALING ELIMENT KO, 2
76
e i ce (in) A;n"go:a ci_ugffz
LENGTH OF DAM 1.29012 (,€080) 1.2%30 /.%076)

LENGTH OF LAND

LICAL SURFACE
VARIATION OF LAND

LOCAL SURFACE
VARIATION OF DAM

LENGTH OF DaM

LENGTH OF LAND

LOCAL SURFACE
VARIATION OF LAND

LOCAL 2URFACE
VARIATION ~F DAM

LENGTM JF DAM
LINGTY OF LAND

LOCAL SURFACT

VARIATION OF LAND

LOCAL 3URF-CE
VARIATION OF CAM

TEATRE
LENGTY JF DM
LINGTR OF LAND

LIXCAL SURFACE
JARIATICN OF LAND

LOCAL SURFACE
VARIATION JF DAM

LINGTH OF DAM
LENGTR OF LD

[OCAL SURFACE
VARIATION OF LAND

LOCAL SURPACE
VARIATION 2F DAM

LENOTR OF DAM
LENGTH 3P LAND

U AL SURMCE
YARIATION P LAND

LICAL S'RFACE
TARIATIN OF DaM

1.29032 f,5080)

. J000k4 (,000014)

.00004 (.0000LkL)

1.29032 (.5080)
1.29032 {.5080)

. 20005 (.000018)

.J0006 (.000Ck)

1.29032 (,5090)
1.29032 1.50%)

0000k (.000016)

+00003 (.000011)

1.2%935 7.5076)

L0023 (,0000%0)

,000%1 (,00030)

1.28930 (.5076)

1.28930 (.%076)

00069 {.00027)

#0013 (.000C%)

1.28030 (.5C7%)
1.2891 1,5075)

00022 (.000085)

00036 (.00014)

ZRDGRY SEALDO LLDONT XC. 3
APCIR RN &2
Y cw (1n) — in)
1.2684 (. 50728) 1.28% (.50M)

1.2884 (.%072%)

00003 (.000U1Y)

22003 (.200010)

1.2884 (.s072y)
1,2884 (.50729)
00002 (,000008

L0002 (,000007)

1.2084 (.50729)
1.28% (.5072%)
,20002 (,000008)

.32002 1 ,229006)

1.2880 (.50T1)
.0008 (,00010)

22002 (.000CT}

1.2885 (.5073)
1.2885 (.%073;
00064 (,00029)

00003 {.00002)

1.29% (.%07)
1.2885 (,5073)

«00%) [,3CC20)

L0018 (L,IM4)

AFTER RUNS

1-1% cm (in)
1,284 (.55
1,29007 .57

.0002% (.00017°

L00L70 (.00067)

1.28930 .5076)

1.29032 (.5370)
00056 7, 300270 )
200216 (.00085)

1.23910 1, =976%)
1.2%%5 71,5075

00102 7L 200)

.00318 {.0012%)

AT EXD OF TEST
:ngu)

1.2%%0 (.07
1.2880 /.%0mM)

22063 (.00170)

L00% (,0002)

1,288 (.50M)
1.28% (.%0m)

00487 (.0018)

.00038 (,001%)

1.28% (.5CT1)
1.28%% (,20™1.

LJ0u6a (00142

J3002 e
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trap particlev of a size range on the order ot tui: groove depths. From
this a¢ ., grooves which are fed radially :n. '1 should be superior to
the gr-oves which are fed radially outward a2+ '.5ed in this design.

Build II - Findurance Test - I...-"1,: Simulation
P’ hase (22,F Hours)

Test Descriptir

Testing consisted oi wbiaining air i~ «:.. .e da’a for test points indicated
in Runs 1 through 15 which ave ill':stcated in Table 3. The test points
duplicate operating conditions occur:ing in an actual engine sea! position.
Seal sliding velocity was varied {rum 91,6 m/s (300 ft/sec) to 175.3 m/s
(575 ft/sec) and sealed pressure ranged between 20,7 N/cm? abs {30
psia) and 31,0 N/cm? abs (45 psia). Sealed air temperature varied
between 385,.4 and 551K (234° and 532°F). The seal assembly from the
previous test sequence was utilized for this portion of the endurance

test,

I(_:st Results

Component Wear - Reduction in spiral-groove depth on the order of

. 00025 cm (. 00010 in. ) was observed at the 4,910 cm (1.933 in. ) dia-
meter location. Escentially no change was ohserved at the 5. 162 cm
(2.031 in, ) diameter location. Figure 12 illustrates the overall
cordition of the seal seat after test., Figure 13 illustrates carbon build-
up forming on the groove edge of the seat, Table A=l in the appendix
illustrates actual measurements for each groove, An overall reduction
in primary sealing element length was observed, along with a change in
surface characteristics, The results of the wear are compiled in
Table 2, Only one of three monitored locations of the 1l ad area in-
dicated a length reduction of . 00102 cm (. 00040 in. ),

Local surface variations of the dam and land areas both increased in
magnitude when compared to that observed during start/stop testing.,
Local surface variations up to . 00051 cm (. 0002 in.) were observed on
tiie dam. Maximum land surface variation was , 00069 cm (. 00027 in. ).
Surface profile traces of the dam and land area are presented in the
appendix. Figure 14 and 15 show the condition of the assembled seal
after test. Figure 16 illustrates a zlose-up view of ths sealing dain
and land area. Local deposits arc apparent forming at the sealing dam
inside diameter.

<0
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TABLE ). SUMMARY OF TEST POINTS
SEALED PRTCSURE SEAFT 3PERD

)

8

P

2 SURPACE STEED AIR LEAKAGE ARATICH
ffom abs ggou] oS xg/s ’g{uc) S YOURS
o (30.0) 0-29000-0 916 {300) 00030 (00060} 7 3.9
20.7 (30.9) 29000 91.b (300) 00030 (.20060) 7 \
7.6 1%0.0) 18599 12,9 (400) o003 +90060) 1 ‘1]
11,2 1#9.9) 58436 17%.3 (579) oo .e0e) e ‘
PRI 23545 gl.s '100) L0040 e ‘
el T 13599 121.,9 /0" 2010 YTRY -
SUCIAES PP 5336 17,1 (979) 003 e 4T .
20,0 (10.2) 29949 91.b (300) 00w (30089 Rl &
.5 (5. 165%9 2.9 1400) orgs .0aw) LS 4]
1.0 (45.3) 55486 17,3 (3T 00198 (.0083T) 1,43 \
20.7 130.9) 28049 gk (300) ootz (.01%9) 1.2% \
».5 ) 13999 121.9 (%0} xreb  (.on@@r 230
11,0 9.9 s5ud6 119 (579) Q02+ 7,30%18) .3 3|
20,7 /190 29949 ql.u (300} ooty (.08 1.27 ‘:
.5 0.9) 13999 121.9 (400) L0106 -2 1.33 ‘
11,3 '~3.9) €936 179.1 (979) ey (.0Te 5.73 \
1.y 5.0 42900 167.0 (3-8) L0010 .20308) .87
-5, ‘U5 £2900 167.3 (368) 00 (+3309Y) i
~g,3 (115.9) $~395 182.9 (80) ool .0 2.1
vg,3 (18 5784 2. (T0) 012 -%aR) .28 \
113.3 (165.9) 57,686 179, ‘979) 00202 (.0uu6)  ).% \
123.3 (169.0) 57898 182.9 (600) 0198 (-00430) 3.8 \‘
111.8 169.0) 47948 13,6 (700) a5 b3S \
s, 2 (a%.9) 1586 179.1 (97%) 0288 (L0063 .9 \‘
18,2 ‘09,2 5-%8 182.9 (600) o (20wl 39 ]
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[

paa.
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PRAT AU AN K i 3 ¢ AN £ V1o AT

SEALED PRESSURE SHAPT SPEED SURPACE SP7ID ° AIR LEAKAGE DURATION
RUN ![u__aabs (psia) RPM u/3 (ft/sec) _kg/s {1b/sec) SCM HOURS
¢ 148.2 (215.0) 6758 213.4 (700) 00261 (.00575) 4.5l 1.5 .
2 79.3 (115.0) 57898 182.9 (€00) 00183 (.00kOM)  3.17
13 79.3 (115.0) 67548 3.4 (700) L00166  (.C0365)  2.97 . g
o 112.3 {165.9) 57898 182,9 (600) L0074 (.OC6TO)  5.26 1
s 113.3 (1535.2: 375u3 213,45 (700) 00294 {,00647) 5.28 .
35 143.2 (215.2) 57898 182.5 {600} 00363 (.60)  6.28 |
37 143.2 (215.0} 67543 213,54 (700) 00204 (.004k9)  3.52
-2 148.2 (115.0) 57898 182,9 (600) L00150  (.00331)  2.40 z
43 148.2 (115.0) 67548 213.4 (700) .00198  (.00436) 3.4 j
" 113.3 (165.0) 57898 182.9 (600) 00120  (,00265)  2.08 ;
<5 113.3 71%5.0) 67548 23.4 (700) 00372 (.00821) 6.4k
<5 18,2 (215.0) 57898 182.9 (600) W00177  (.00390) 3.06 4
e 13,2 (215.0) 7548 3.4 (700) 00164 (L00361)  2.33 !
DA™_PODNTS 25, 27, 28, 29, 20, 31, 38, 39, 40, L1, 48, L9 50, 51 WERE REDEFINED AS LISTED BELOW: :
A 127.6 (185.0) 80200 190.20 (62k) 00278 (.00612) 4.8 6.2
3 3.3 (165.9) 57898 162.88 (600) 00335 (.00T9)  5.80  6.25
c 148.2 (215.9) 57898 182,88 (600) 0012l (.0028)  2.10 .75 ]
D 113.8 (165.9) 67548 213.36 (700) 00367  (.00811) 6,36 1.73 *
z 1338 (165.0) 72300 | 28,30 (7%9) 0337 (-00TH3) 583 6.5 ;
P 113.8 (165.0) 75500 238.35 (T82) ool (.00268) 2.0 .25 §
o 113.8 (165.0) 76200 240,79 (790) L0036k  (,00803)  6.30 1.0
H 113.8 (165.0) T7200 243,84 (800) 00364  (,00803)  6.30 2.0 %
T 18,2 (215.0) 0700 2.k (133) .00138  (,20306) 2.4 .25 . i
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Character of Observed Wear (Sealing Elements) -

Sealing Dam Wear - Wear was maximum at inside diameter and

produced a converging leakage passage similar to that observed
after Build I testing, '

Carbon Ring Land Wear - Wear occurred both in the region opposing
the terminus of spiral grooves and at the land inside diameter, Wear
in these regions was of similar magnitudes.

Seal Air lLeakage - Air leakage measurements throughout this and sub-
sequent phases of the test program were impaired due to a marginal
operating clearance between the primary sealing element and the seal
housing, This was due to a combination of the reduction of the existing
clearance due to press fit deflections of the seal housing which resulted
from installation into the test rig and also the deflections caused by ex-
posure to the various pressures and temperatures of the test points,
Although no binding occurred at assembly, further defleciions appar -
ently resulting from the operating conditions were sufficient to cause in-
termittent binding o ' e primary sealing element during testing, Often,
a low and high leakage characteristic were observed at a particular test
point, On all air leakage plots, an estimated air leakage characteristic
is presented (dashed line) along with actual data points, Data groups
with significantly varying leakage rates for a specific operating condition
are tabulated in Table 3, but aré not otted., Air leakage results from
this phase of testing are presented in r'igure 17,

Discussion of Results

The overall reduction of the length of the primary sealing element was
not significant, but the magnitude of variations in the local surface
increase significantly. An increase in leakage rate was observed after
the sixth run. This can be due to either changes in seal pressure dis-
tribution resulting from the surface variation or the tendency of sealing
element to bind, as previously described, Because of this, air leakage
rates are high considering the sealed pressure levels tested,

Build IIl Endurance Operation - Increased Pressures and Speeds

Test Description

Testing consisted of obtaining air leakage data for test points indicated
by Runs 16 through 47 and for redefined test points indicated Runs A

28
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through I, Redefinition of test points was necessary due to foregoing
operation above 148,2 N/cm?2 abs (215 psia) because of high pressure air
compressor problems, Build III testing was interrupted at Run 22 by a
test rig bearing failure, necessitating a fourth build to complete testing.
Endurance test seal operating conditions were varied between sliding
velocities of 175.3 m/s and 243.8 m/s (575 ft/sec and 800 ft ft/sec) and
sealed pressures of 31,4 and 150,2 N/cm? abs (45 and 215 psia), Maximum
air temperature reached was 589 K (600°F). The primary sealing
element was changed prior to the beginning of Build III operation due to
chipping of the sealing dam occurring during inspection. The new
primary sealing element was used for the balance of the endurance test.
The test rig housing receiving the seal assembly was reworked as

shown by the dashed lines in Figure 2 to reduce seal housing deflections
in order to minimize binding of primary sealing element,

Test Results (Build III)

Component Wear - The test rig was disassembled after a failure of the
support bearing during Run 22, The test seal components were un-
damaged. At this time the sealing element and seal seat wear were re-
documented. Spiral-groove depth increased approximately ., 00015 cm

(. 00006 in,), indicating the probable existence of a surface deposit.
Actual dimensions for each groove are presented in the appendix. The
seal seat, illustrated in Figure 18 exhibits an appearance tending to
confirm the existence of a surface deposit, The primary sealing element
exhibited axial wear at one location of the sealing dam and the land of

. 00038 cm (. 00015 in,), Wear was not measurable at the remaining

two locations, Local surface variations of the sealing dam increased
from a maximum of , 00003 cm (. 00001 in,) to . 00018 cm (. 00007 in. ).
The surface variation of the land region increased from a maximum of

. 00003 cm (. 000013 in,) to . 00076 cm (. 00030 in.). The sealing element
is illustrated in Figure 19. A region of chipped carbon material can be
observed at the carbon sealing element inside diameter. Since the

chip was at the location of the entrance of the spiral grooves, it was
considered superficial, and the carbon sealing element was used for the
balance of the endurance test,

Character of Observed Wear (Sealing Element) -

Sealing Dam Wear - Wear was slight and assumed no characteristic
profile as was observed previously (sealing element new prior to
test).
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Land Wear - Wear was maximum at the inside diameter with slight
indications of wear in the region opposing the terminus of the spiral
grooves, ,

Seal Air Leakage - Air leakage data is presented in Figure 20, along
with the balance of the data accumulated during the remainder of the
endurance test (Build IV). Endurance test results are discussed at the
completion of Build IV testing,

Build IV - Continued Endurance Operation -
Increased Preasures and Speeds

Test Description

Testing consisted of obtaining data for the remaining Runs 23 through 47
and A through I, Seal components from Build IIIl were used to complete
the endurance test.

Test Results

Component Wear - The chrome-carbide coating on the seal seat showed
evidence of abnormal rubbing and heat generation. Figure 21 illustrates
this condition., Measurements of spiral grooves indicated an increase
of approximately , 00025 cm (. 0001 in, ) in depths resulting from the
disturbed condition of the surface of the chrome-carbide coating. An
anomaly during test rig operation manifested as a step decrease in air
leakage observed during Run 37, and may have indicated momentary
contact between the seat and the sealing element, causing this surface
damage.

Carbon primary ring sealing dam length and land length were red'uced
in two locations by , 00051 cm (,00020 in.). The remaining location

showed no change.

Local surface variations of the dam increased to a maximum of , 00051 cm
(. 00020 in, ) from a previous maximum of . 00018 em (. 00007 in,) . Local
surface variations of the land increased from a previous maximum of
.00076 cm (. 00030 in, ) to , 00465 cm (. 00183 in.). The appearance of

the assembled seal and seat is shown in Figures 22 and 23, A close-up of
the sealing dam. and land area is shown in Figure 24, Figures 25 and 26
illustrate the disassembled seal components.

Character of Observed Wear - Both the sealing dam wear and land wear
were greatest at their respective inside diameters and minimum at the
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outside diameters with a gradual transition between them, Actual wear
traces are presented in the appendix,

Seal Air leakage - Air leakage is preseniedin Figure 27, A significant
variation, attributed to a sticking sealing element, is apparent in the
plotted data, An estimated air leakage characteristic for a free sealing
element is shown as a dashed curve on the graph. The estimated leakage
rate is at a level considered acceptable for gas turbine engine operation.

Discussion of Results

Wear measurements indicate a small reduction in length of the carbon

ring primary sealing element, but the local surface variations of both

the land and dam regions increased throughout the test to significant levels,
The greatest increase in local surface variations occurred during the portion
of the endurance test after Run 22 where speeds and pressure were maximum
and where an operational contact of seal seat and sealing element is
suspected to have occurred. Less of a change in local surface variation

was observed at the inspection performed at Run 22, where sealed

pressures were limited to 113,8 N/em?2 abs (165 psia) and speeds to

182,.9 m/s (600 ft/sec), and no apparent operational contact between the

seal seat and sealing element occurred. The wear rate of the primary
sealing element over the course of the endurance test (76,5 hours total
running time) was 4.98x10-6 em/ar (1.96x10-6 in, /hr). Assuming

local surface variations would not impair seal operation, a reduction

of sealing element length of . 00498 cm (. 00196 in.) would be expected

per 1000 hours of operation.
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CONCLUSIONS

The test seal demonstrated the ability to operate successfully at

surface speeds up to 243.8 m/s (800 ft/sec) and sealed pressures
to 148,2 N/cm? abs (215 psia),

Fluctuating air leakage rates were observed and are suspected to
be the result of binding during operation between the seal housing

inside diameter and the adjacent primary sealing element outside
diameter,

The measured seal wear rate during the endurance test was at an
acceptable level of 4, 98x10~6 ¢m /1000 hr (1. 96x10~% in, /1000 hr,).

Significant variations in primary sealing element surface profile
were observed during testing, and will result in seal operation
with non-flat surfaces on primary sealing element. This may be
due to abrasive wear or could be related to the suspected binding
between the primary sealing element and seal housing.

Wear occurring during start - stop operation is not as significant
as local surface profile changes which were observed during
steady state operation,
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APPENDIX

This appendix contains the following contents:
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Seal Face Trace Explanation

Primary Seahng Element Wear Traces
Primary Sealing Element Finish Traces
Seal Seat Finish Traces

Table A=1, Spiral Groove Depths

Critical Seal Dimensions
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SEAL FACE TRACES WERE TAKEN AT THREE EQUALLY SPACED LOCATIONS PROCEEDING FROM THE 0.D.

TOWARDS THE I.D.

TYPICAL TRACE

p SRS I B

[

.
|

r k[ [ [ [ [

Lol

I

"\ \" 0% = (..‘01 in)

L T F1

000010 in)
000025 in)
I.D

SEX ACTUAL TRACE —
SCALE WILL BE ONE OF THE
000254 ca (.000100 in)

FOLLOWING :

.000025 cm (

000064 ca

1000635 ca (.000250 in)

u\x

D = MAXIMUM DAM WEAR
L = MAXINUM LAND WEAR
0.D
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AFTER RUN 22

PRIMARY SEALING
ELEMENT NUMBER 3

PRI e~ i L e R Y A P e AR s e e P

POSITION 1

Il

=

i&

L VO VAU VN W

(X} /
p-F

ah

-t

/
!

.,A{ '
1
!

!

i .»DE")

|

o)
2]

Iy
y

s

= = ‘
= i
~- L.L
| |
[ljfj | ]
!
i |
w K
/l 1
L n
[JI. -,
el |
L1 ] | | |
/:I..[r. |4
I[,[ —1
T ; _
_‘.NjJﬁl i 1
! H i “
. 1
LT T
! » ] [
[T —— X

.-__\

Reta

=

A\
-\

T

I

. \ - -
\ R ~ -
\ t
4 v . -
\ \
. . -
POSITION 3
! T T
- i
v (=31 s L4

POSITION 2

7

-+

/

J
i

I
e

14

50



SEelGER b 0 s

T

ENDURANCE

S 11y OF THE
pRODUCTBIT )
ggIGINAL PAGE IS POOR

ON 1

POSITI

POSITI

POSI

51



. et .
re - e =

e g L AT Th e e TR 80 S _rrN e p gy

o e ey Y S T e G

bl . I
ny
52




C Y ertoRooRitiaroRe Y. L

P

B SRR et ey

PRIMARY SEALING SLEMENT
NO. 3 SURPACE FINISH

‘X\M‘@;&rx—{j‘\ HL% ik L e

FRIOR T0 RUN 16 (NEW)

“al) N0 Jeaee o o
L bl Wase Tast [ T, = —

= [ AN A 3 S

| —[ oAk ‘f | _ | e Nd. 17 [
LA A At N ’,
I. ’

_\_( sAcE [0 —:

[ P id
U1 doot an o 0K OPAR V ‘\
11 oo .

stiw e O vz [ LK R, 001an .. e oorag |

53

arer e



LSS ONVHNANT 4C ANT LV

T e evs nEL] . oe (1 Ay VTIOAOR ' | YHams L] wviow
e | ) rP ey ")) S3PmaNS | | L ode]
e 1T} tow () tow ¢ et | AN
) .i/ - PO 0WIN

® + 4601AD RCvnM g Tl - L] anyy
2] rConavm ey
e i et mer e manaa N
- . nyne on | . N
™~ " =
. L s\, B S\
- r - - - - 31 YTy A T -
- . B -t - e powp 1 - | . -
= 1 X ; e my -
\ A i > f g N
+ - -
v . - - - . .
[N S " R . =
N S - - E N I
g - - T Y e g e A - N

: 1w vey miwe T e sev weww
mf ot on ey adad mn
5 { )0 WY or ¥oTud
H
W [ St 3 3N ~  Cemimwe -"-I.q“oll-. WY somnd ii“__dl
0 N | | TTT T mve W e
5 sane o™ | | !
[ O O O / A N T VO ||
| AL .

— n TR e S Camy ue e

HSINIA IDVAHNS LVES TVAS

54



B s e penag o
e D

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR

%@%&sgxf e m .

{18000} 9020C*
($8000°) 9T200"
(tgooo*) tr200°
($9000°) <gt100°
(09000°} 25100°
(88000°) n2200°
(6goon*) 9ez0c*
(S6000°) TH200°
{5000} 6100
(gg000") nz=200*
(n6000°) 6£20C*
(8L000°) g6100°
(goroo*) nleco
(0gooo*) £oeoo*
{06000") 62200°
(€go0o") tT200°
(ngo00") £1200°
(0Lono) gLt00*
(8L000") g6700*
(06000°) 600"
(£6000*) 9¢200°
(0gooo*) £ae00*
(06000°) 62200°
(£6000°) 9€200°

ml.aﬂ.ﬂ-ﬂ
4 @ HIA3d

{wo00u®) £LT00°
{0»000°) 62200°
(06000°} 62200°
(56000°) 200"
{8L000"} g6TO0U"
(06000*) 62200*
(66000°) THE0O"
(6L000°) T0200°
(£1t00°) Lg200°
(8g000°) n2z00°
(£g000°) TT200°
(9Looo*) £6100*
(otto0*) 6L200°
(0gooo*) £o200*
(06000°) 62200°
(2gooo°) goeon”
(£go00") ote00"
(oLooo") gLroo”
(9L000") €67100°
(S8000°) 91200°
(9Looo*) £6100°
(ogooo°) fozoo*
(06000°) 62200°

(26000°) %£200°

T
Y 9 1430

1S3l 40 NOLLIIIWOD IV

{nLooo*) Lgron-
{06000°} 6c200°
(6L000°) 66100°
(s8000°) 91200"
(g9000°) $gt00°
(65000°) 051C0"
(%000°) 21200°
(2Lo00") 2g100°
(6000°} THZO0O"
(69000°) 4L100°
(£L000") SgT00°
(89000") TL100°
(0Lo00") gLT00°
($5000°) ont00”
(n9000°) t9100°
{9Lo00") 26T00°
(6L000") TO200°
(69000°) SLT00°
(6go00°) 92200
{06000°) 62200°
(£gooo*) T1e00°
(48000°) £1200°
(SL000") 16100°

(g9000°) TL100°

2 uyy
¥ @ Hidad

(REO0O™) LaT00"
(090007 ) 2$100°
(6L000") T10200°
(0L000") gLT00"
{58700°) g1200°
(49000°) $9100°
(9L000°) 26100°
(2gooo*) Lozoo*
(gg000°) £L100"
($6000°) On200*
(0L000") gLT00"
(gL0o00") L6T00"
(0L000") gLT0O"
( L0coo") 6L100"
(09000} T$T00*
(€L000") #g1o0"
(/.Lo00") #6100°
{6L000°) TO200"
(oLooo") gLY00*
(¢Looo") wgrOO"
{$goc0*) or200°
(FL000°) 100"
(SLoon*) w6100°

{(TL000") ogr0o0*

R
d B Kid3d

oC NH HILIY

10000 N/S LVJIS =~ SHLAJA JA00YD "IVIIdS

(590007 ) $9100°
(0g000° ) £0200°
(oLoco") gL100"
(gLooo") 16T 00"
(65000°) 67100°
(69000°) SL100"
($L0o0o") t6100°
($9000°) Pro0"
($go00*) 91200
(29000°) L1s00°
(L9000°) 0L100°
(09000°) 25T00°
($9000°) €gT00°
(€5000") £€100°
(09000°) 2$100°
(69000°) SL100°
(tLooo*) ogtoo”
(£9000°) 65100°
(0gooo*) toeoo”
(18000°) 90200°
(sLooo®) T6100°
(1.000") 0gTO0°
(69000°) $L100°

{T000°) $$T00*

2 T:_ -
¥ PHLIIq

(£5000°) OMT00"
(2L000") fgT00"
(0L000") gLT0O
{$L000°) 6gT00"
(c9000°) 25100°
(0Looo"} gLT0C"
(9..000") 26t00"
(f2000") 65100°
(gR000°) 222 0"
(4$9000°) $9100°
(0L000*) gLY00"
(%9000°) f9100°
(99000°) g9100"
(0%000°) Leto0*
(L9000°) 69100°
(2Lo00") 2gt00°
(g9070°) TL100°
(59000} 69100°
{nlooo™) Lgtwo”
(¢loc)7) é6gTOO°
(L9000°) %9T00°
(g3000°) TLY00°
($9000°) 691C0°

(£5000°) €£100°

ST N H3LAY

(Shee”) T6T00°
(vgo0o™) ezewo”
(0g000") £0200"
(Lgooo") o22uo*
{0LOVO") €9T00"
(61.000") 66100°
(cg0o00") gteoo”
(£L.000") ng100°
(L6000°) 9n200*
(89000°) £L100"
(6L000*) T6T00°
(g9000°) TL100"
(2Looco") zgroo”
(g%000°) g9nT00*
(59000°) $91C0°
(9L000*) £6100°
{6Lo00") 10200°
(0Loo0*) gl100"
(26000°) gtzoo”
(76000°) Lt2oo*
($go00*) 9TE00"
(0gooo”) gozoo*
(85000") 94100"

(£L000" ) ¥RTO00"

PSR Tuy) W
¥ 5 HId3a 4 ghLiza
‘1-V JT1dVLl

(50007 ) Lot

JRYII ) (O
(sLoco*) 16100°
(6.000°} t6T0C"
(09000™) 2T ”
(0L000") gLIM0"
(6L000°) T6100°
(£9000°) 65100°
(680007) Sezo0”
(n9000°) T19T00°
(0L.000°) gLTO0O"
(£9000°) 65100°
($9000°) S9100°
(75000} LET00"
(L9000°) 69100°
(2Lovo") tgtoe-
(4L0c0") gET00*
(49000°) $o100*
\6L000") gLICO"
(5Loo0") 16T00°
(99000°) 89100°
(9000°} 65100
($9000°) <9100°

{£5000°) £ET00"

£ -
__ lugnidaa

2] ]

"e

ee

61
et
1A S
9T
6T
"t
ft

et

ot

woY - ©

55

R SNPTR Y

.V‘-



PR

P

v g g

£ "ON INIWITH ONITVIS

c °ON INJWTIZ DNIIVAES

. . "ut 0158°
utr ¢HTIE'2 aw .ﬁom.“
% Ut 02981 (SaNve IHOTT WIITHEH €)
w $6gg°¢ wo THOL " (SSENIVIA LVaS)
SUNVE IHOIT WNITIH &
‘ut ¢HES'2 SANVE IHOIT WIIT3H €
. . w 95.9°¢§
ut 200%°C
wo M@MM.@ Ut o4tz 2
oﬁ.ﬁ NOO.:.N o mwm. um o.ﬂ.ﬂ m:&tm'N
wo G960°9 w ZTE0°9
82000°|O |
7T

SNOISNIWIQ LSHI-Hdd TVDILI¥D

56



